Diversity in behavioral responses to sensory stimuli has been attributed to variations in preparatory set. Variability in oculomotor responses toward identical visual stimuli has been well documented, but the neuronal processes underlying this variability are poorly understood. Here, we report evidence for set-related activity for saccadic eye movements in single neurons in the frontal eye field (FEF) in monkeys trained on a task in which they either had to look toward a visual stimulus (prosaccade) or away from the stimulus (anti-saccade) depending on a previous instruction. A portion of FEF neurons were identified as neurons projecting directly to the superior colliculus (SC) with antidromic activation techniques. Saccade-related neurons in the FEF had lower prestimulus and stimulus-related activity on anti-saccade trials compared with pro-saccade trials. The level of prestimulus activity correlated with saccadic reaction times, express saccade occurrence, and errors in the anti-saccade task. In addition, saccade-related activity in the FEF was higher for pro-saccades than for anti-saccades. These results demonstrate that the direct descending pathway from the FEF to the SC carries preparatory set-related activity for pro-saccades and anti-saccades. The results also provide insights into the neuronal basis of variations in saccadic reaction times and in the control of the prepotent response to glance to a flashed stimulus.
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One of the most remarkable behavioral features of humans and animals is the moment to moment variability of responses to identical sensory stimuli (Sherrington, 1910; Kupfermann et al., 1974; Wise et al., 1996a) . This flexibility, evident in the type of the response and in its reaction time, has been attributed to variations in readiness to make a response or in intention to perform a particular task, both commonly referred to as preparatory set (Hebb, 1972; Evarts et al., 1984) . For the oculomotor saccadic system, variability in reaction times is well documented. Saccadic reaction time (SRT) toward a flashed visual stimulus (pro-saccades) can range from 90 to Ͼ400 msec with a mean of ϳ200 msec (Westheimer, 1954) . Although the common response is to look toward a suddenly flashed visual stimulus (Hess et al., 1946; Ingle, 1973) , humans (Hallett, 1978; Hallett and Adams, 1980; Fischer and Weber, 1992) and monkeys (Schlag-Rey et al., 1997; Amador et al., 1998; Everling et al., 1998a Everling et al., , 1999 can be instructed in advance not to look to the stimulus but instead to look to the opposite side, in a task that is known as the antisaccade task (for review, see Everling and Fischer, 1998) .
Neurophysiological evidence for set-related activity in the antisaccade task has been found in the dorsolateral prefrontal cortex (DPC) and in the supplementary eye field (SEF). Many SEF neurons are more active on anti-saccade trials compared with pro-saccade trials (Schlag-Rey et al., 1997) . Furthermore, on anti-saccade trials when the monkey failed to suppress an eye movement, the activity of many neurons in the DPC (Funahashi et al., 1993) and in the SEF (Schlag-Rey et al., 1997) was similar to that associated with pro-saccades. Another region of frontal cortex likely to display preparatory set activity for saccades is the frontal eye field (FEF) in the rostral bank of the arcuate sulcus (for review, see Schall, 1997; Schall and Thompson, 1999) . A critical involvement of the FEF in the anti-saccade task has been supported by human lesion (Guitton et al., 1985) and brain-imaging studies (O'Driscoll et al., 1995; Sweeney et al., 1996; Doricchi et al., 1997) . Moreover, acute inactivation of the FEF leads to a prolongation of SRTs (Sommer and Tehovnik, 1997; Dias and Segraves, 1999) . In addition to visual and saccade-related responses (Bruce and Goldberg, 1985) , many FEF neurons display low-frequency prestimulus activity (Bruce and Goldberg, 1985; Schall, 1991) that could be correlated with SRTs (Dias and Bruce, 1994) . To address the question whether variations in the activity of FEF neurons reflect differences in preparatory set, we recorded the activity of single FEF neurons while monkeys performed a task with randomly interleaved pro-and anti-saccade trials.
Previous studies have shown that the variability in discharge of neurons in the superior colliculus (SC) reflects differences in preparatory set Wurtz, 1997, 1998; Dorris et al., 1997; Dorris and Munoz, 1998; Everling et al., 1999) . To determine whether the direct pathway from the FEF to the SC (Leichnetz et al., 1981; Fries, 1984; Segraves and Goldberg, 1987; Stanton et al., 1988; Lynch et al., 1994 ) carries set-related activity, we used antidromic activation techniques to identif y corticotectal neurons in many experiments.
MATERIALS AND METHODS
Electrophysiolog y. All experimental procedures were in accordance with the C anadian Council on Animal C are policy on the use and care of laboratory animals and approved by the Queen's University Animal C are Committee. Surgical, electrophysiological, and data acquisition methods were described previously (Munoz and Istvan, 1998; Everling et al., 1999) . Briefly, two male monkeys (Macaca mulatta) were implanted with scleral search coils, a head-restraining device, and two recording chambers, one centered above the arcuate sulcus (right hemisphere in monkey a and left hemisphere in monkey b) for neuron recordings in the FEF and one centered on the midline and tilted 38°posterior of vertical for microstimulation of the SC. These were the same animals that we used for single neuron recordings in the SC in the same paradigm (Everling et al., 1999) . Single neurons were recorded in the rostral bank of the arcuate sulcus. The F EF region was first identified by low-threshold microstimulation (Ͻ50 A at 100 msec, 300 Hz, 0.3 msec biphasic pulses) that reliably elicited a contraversive saccade. The intermediate layers of the SC were identified by neuronal recordings and microstimulation (Everling et al., 1999) . For antidromic activation of corticotectal neurons, single biphasic current pulses (0.1-0.3 msec) were passed through one of four chronically implanted monopolar tungsten microelectrodes inserted into the intermediate layers of the ipsilateral SC and an indifferent electrode. Electrodes were implanted in the SC for 2-4 weeks. One electrode was placed at Ͻ2°eccentricity on the collicular motor map; the other three electrodes were placed between 10 and 20°eccentricity (ϳ45°up, approximately horizontal, ϳ45°down) on the collicular motor map (Robinson, 1972) . The responses to SC stimulation that were recorded in the FEF were digitized on a hard drive at 30 kHz (DataWave Technologies) for subsequent off-line analysis. We stored the epoch spanning 5 msec before to 10 msec after the onset of stimulation. Single biphasic stimulation pulses were delivered while the activity of a single F EF neuron was monitored (Fig. 1) . The current threshold for antidromic excitation ranged from 15 to 1500 A, with a mean of 370 A (median, 200 A). Antidromic responses were verified with several criteria, including fixed threshold, fixed latency, ability to follow high-frequency twin pulses, and collision testing (Lipski, 1981) . Stimulation pulses were not delivered during recordings of the behavioral paradigms.
Behavioral task . Monkeys were trained on a task with randomly interleaved pro-and anti-saccade trials. Details of the experimental setup and paradigms were described previously (Everling et al., 1999) . Briefly, visual stimuli were back-projected onto a tangent screen by light-emitting diodes (red and green, 0.3 cd/m 2 ). Each trial of the pro-/anti-saccade paradigm (Fig. 2 A,B) began with the presentation of a central fixation point (FP) on the screen. The monkey was required to look at it and maintain fixation for 700 -900 msec. A red FP signaled a pro-saccade trial (Fig. 2 A) , and a green FP signaled an anti-saccade trial (Fig. 2 B) . On half of the trials, the FP remained illuminated throughout the trial (overlap condition). On the other half of the trials (gap condition), the FP disappeared 200 msec (gap period) before stimulus presentation. The gap condition was included to increase the variability of behavioral responses (Fischer and Weber, 1992; Everling et al., 1998a; ). An eccentric red visual stimulus was then presented pseudorandomly with equal probability either at the position that yielded the optimal saccaderelated response of the neuron (response field) or at the mirror location on the opposite side of the horizontal and vertical meridians. The monkeys received a liquid reward if they looked within 500 msec to the correct position and maintained fixation there for at least 200 msec. During the recording of each neuron, 15-20 trials of each of the eight conditions (pro/anti, gap/overlap, in/out response field) were presented in a pseudorandom order.
To dissociate stimulus-related from saccade-related responses, we also tested most of the neurons on a delayed visual and delayed memory saccade task (Munoz and Wurtz, 1995) . Briefly, each trial started with the monkey fixating a FP in the center of the screen. A visual stimulus was then presented either in the center of the response field of the neuron or on the opposite side of the horizontal and vertical meridians. The stimulus either remained visible throughout the trial (delayed visual task) or disappeared after 100 msec (delayed memory task). The monkey was required to maintain central fixation on the FP for an additional period of 400 -1000 msec, until the FP disappeared, which was the cue to look to the visible or memorized target. The monkey received a liquid reward if it looked to the visible or memorized target location within 500 msec and maintained fixation there for at least 300 msec.
Data analysis. During off-line analysis, trials with reaction times Ͻ80 msec were excluded as anticipations and trials with reaction times Ͼ500 msec as no-response trials. For all analyses, only neurons with at least five trials for each condition were included. A Gaussian activation f unction (Richmond and Optican, 1987 ) with a SD of 20 msec was used to construct continuous spike density waveforms and to obtain the levels of neuronal activity with a binwidth of 1 msec. Smaller SDs (4 and 10 msec) did not change the overall shape of the activation waveform, but resulted in a higher scatter caused by the relatively low discharge rate of cortical neurons. For comparing the neuronal activity during the instruction period (visible fixation point: red, prosaccade; green, anti-saccade), we determined the mean activity during the period 400 -200 msec before stimulus presentation for correct pro-saccade and anti-saccade trials. Gap and overlap trials were combined for this analysis. For comparing the neuronal prestimulus activity, we determined the mean activity in the period 40 -50 msec after stimulus presentation. This period reflected the level of activation of the neuron before the visual signal arrives in the FEF (Ͼ70 msec for our sample; see also Schmolesky et al., 1998) . For comparing stimulus-related responses, we determined the mean activity in the interval Ϯ5 msec around the peak of neuronal activation in a time window from 70 to 140 msec after stimulus appearance, and the prestimulus activation in the interval 40 -50 msec after stimulus presentation was subtracted as the baseline activity from this value. This analysis was performed on trials collected in the overlap condition only with the exclusion of all saccades with SRTs Ͻ150 msec to avoid a contamination of the stimulus-related response with saccaderelated activity. For comparing saccade-related responses, we determined the largest peak of activity in the interval from 20 msec before to 40 msec after saccade initiation for each neuron in the overlap condition. Then, the average activity was measured in a 10 msec interval extending from 5 msec before to 5 msec after the peak. For this analysis, only saccades that landed within a radius that deviated less than Ϯ25% of the optimal vector of the saccade were included. Comparisons were performed with a paired Student's t test or, if a test of normal distribution failed (Kolmogorov-Smirnov test), with the nonparametric Wilcoxon signed-rank test.
Neuron classification. We used the classification scheme of Bruce and Goldberg (1985) and Segraves and Goldberg (1987) to classify FEF neurons based on their discharge. After isolating a single neuron in the FEF for recording, it was tested for a corticotectal projection with antidromic stimulation of the SC. We then recorded its activity in the combined pro-/anti-saccade task (Fig. 2) . The delayed visual and memory saccade tasks were then used to dissociate stimulus-related and saccade-related responses. Only neurons that increased their discharge transiently for saccades into their response field were classified as saccade-related. If we could not maintain stable recording long enough to run the delayed visual and memory saccade tasks, we classified the neuron on the basis of its discharge behavior during the anti-saccade condition. Only neurons that increased their discharge transiently for anti-saccades in their response field were classified as saccaderelated. For all analyses, we only included saccade-related neurons that increased their discharge Ͼ20 spikes/sec for visually guided saccades. Of these saccade-related neurons, we classified neurons as visuomovement neurons if they also increased their discharge Ͼ20 spikes/sec after the appearance of a visual stimulus in their receptive field. Saccade-related neurons that increased their discharge Ͻ20 spikes/sec after the appearance of a visual stimulus were classified as movement neurons only. Figure 2C shows the cumulative distribution of SRTs obtained from the two monkeys in the combined pro-/anti-saccade paradigm during experiments in which we recorded from FEF neurons. Consistent with our previous observations, anti-saccades had longer SRTs than pro-saccades, and saccades in the overlap condition had longer SRTs than saccades in the gap condition. Furthermore, anti-saccades in the gap condition had shorter SRTs than pro-saccades in the overlap condition. The shortest SRTs were observed for direction errors in the anti-saccade gap condition. Figure 2C also illustrates the broad distribution of SRTs for all types of saccades.
RESULTS Behavior

Identification of corticotectal neurons
The antidromic identification of a corticotectal visuomovement neuron is shown in Figure 1 B, and its activity in the combined pro-/anti-saccade task is illustrated in Figure 3 . Stimulation of the SC led to activation of an action potential in the neuron after a fixed delay of 1.7 msec ( Fig. 1 B, top trace) . When the SC stimulation immediately followed an orthodromic action potential ( Fig.  1 B, bottom trace), the response to SC stimulation was annihilated, verifying that the response was caused by antidromic activation (Lipski, 1981) . In the combined pro-/anti-saccade task, the neuron increased its discharge shortly after the visual stimulus appeared in its response field (Fig. 3A ,C, lef t panels, all rasters). On prosaccade trials, the neuron then discharged for saccades into its response field, whereas the activity was suppressed before an anti-saccade was generated away from the response field (Fig.  3A ,C, right panels, bottom rasters). The neuron also increased its discharge for all saccades into its response field (Fig. 3A ,C, right panels, top rasters; B,D, right panels, bottom rasters). Therefore, the neuron was classified as a corticotectal visuomovement neuron. The peak in saccade-related discharge, however, was later for anti-saccades than for pro-saccades. This discharge pattern is similar to SC neurons (Everling et al., 1999) . The neuron also had a lower activity during the instruction period before stimulus appearance on anti-saccade trials compared with pro-saccade trials (green traces below red traces). The neuron increased its activity during the gap period on pro-saccade and anti-saccade trials (Fig. 3C,D) .
In a total of 85 experimental sessions, we recorded from 176 neurons in the FEF. Eighty neurons displayed saccade-related activity (32 visuomovement and 48 movement) and provided sufficient data for this report. In 25 of these sessions, the monkeys were implanted with stimulation electrodes inserted into the intermediate layers of the SC for antidromic identification. During these sessions, we identified 33 neurons as corticotectal (Fig.   Figure 3 . Activity of a corticotectal neuron (same as Fig. 1 B) recorded in the F EF during the pro-/anti-saccade paradigm. Activity in the left panels is aligned on appearance of the eccentric stimulus (S on), and activity in the right panels is aligned on the beginning of the saccade (Saccade onset). A, Activity of the neuron on overlap trials when the stimulus was presented in its response field (R F, dashed circle) on pro-saccade trials (red) and anti-saccade trials ( green). Each dot indicates the time of an action potential, and each row represents one trial. The trials are sorted according to saccadic reaction times (indicated by vertical tick mark s). The bottom panel shows the average activation waveforms for pro-saccades (red, thick) and anti-saccades ( green, thin). B, Same as in A but for stimulus presentations at the mirror position of the response field of the neuron. C, Same as in A but for the gap condition in which the FP disappeared 200 msec before stimulus appearance. D, Same as in C but for stimulus presentations at the mirror position of the response field of the neuron in the gap condition. 1). Of these 33 neurons, 18 (54%) neurons were identified as saccade-related (12 visuomovement and 6 movement neurons). The remainder comprised other classes of F EF neurons (Bruce and Goldberg, 1985) . The distribution of antidromic latencies is illustrated in Figure 1C . The mean antidromic latency Ϯ SD for all 33 antidromic neurons was 2.49 Ϯ 1.08 msec (range, 0.8 -5.0 msec) and for the 18 saccade-related neurons (described in this report) it was 2.13 Ϯ 0.93 msec (range, 0.8 -4.0 msec). Antidromic neurons that did not f ulfill our criteria for saccade-related neurons had slightly longer latencies (2.93 Ϯ 1.12 msec; range, 1.2-5.0 msec; unpaired t test, t ϭ 2.27; df ϭ 32; p ϭ 0.031). The range of values we report (Fig. 1C) is comparable to the antidromic latencies described previously for corticotectal neurons in the FEF (Segraves and Goldberg, 1987: mean, 2 .25 msec, range, 1.2-6.0 msec; Sommer and Wurtz, 1998 : mean, 2.1 Ϯ 1.5 msec, minimum, 0.7 msec).
To establish whether neural activity in the F EF reflected variations in preparatory set and influenced the ensuing behavioral performance, we performed correlations between F EF neural activity and behavioral responses and between F EF neural activity and task condition. In the subsequent sections, we contrast the discharge of all F EF saccade-related neurons in the pro-/antisaccade paradigm (1) during the instruction period before stimulus appearance, (2) during the gap period, (3) between prestimulus activity and SRT, (4) between prestimulus activity and express saccades, (5) between prestimulus activity and antisaccade errors, (6) in the magnitude of stimulus-related activity, and (7) in the magnitude of saccade-related activity. For each analysis, at least five responses were required in each category. Therefore, the number of neurons tested in each analysis varied. In each analysis we summarize the results for all saccade-related neurons (Table 1 ) and the subset of neurons antidromically activated from the SC (Table 1, brack eted values; Figs. 4, 5, [7] [8] [9] [10] [11] filled squares) .
Instruction period-related neuronal activity
Monkeys were instructed by the color of the initial FP at the beginning of each trial, whether they were required to generate a pro-saccade or an anti-saccade after peripheral stimulus presentation ( Fig. 2 A,B) . Therefore, if the activity of FEF neurons reflects preparatory set, neurons should show differential activation patterns between pro-saccade and anti-saccade trials during the instruction period (red FP, pro-saccade; green FP, antisaccade). We quantified the activity during the instruction period for the population of saccade-related neurons in the interval 200 -400 msec before stimulus presentation (Table 1, Fig. 4) . A lower activity on anti-saccade trials was found in the majority of neurons (51 of 80, or 64%). These differences were significant for 31% (25 of 80) of the neurons (t test, p Ͻ 0.05) and for the population. This finding revealed that F EF saccade-related neurons do indeed modulate their activity during the instruction period, before the stimulus is presented.
Gap-related neuronal activity
To examine whether the activity of F EF neurons represents a neuronal correlate for the reduction of SRTs in the gap saccade task (Saslow, 1967; Fischer and Boch, 1983; Forbes and Klein, 1996; Paré and Munoz, 1996) , half of the trials in the paradigm included a gap of 200 msec between FP disappearance and stimulus appearance. Consistent with a previous report (Dias and Bruce, 1994) , we observed an increase in discharge during the gap period in the majority of F EF saccade-related neurons (68 of 80, or 85%). Figure 5A illustrates the activity of the 80 neurons as it evolved in the time leading up to appearance of the eccentric stimulus. There was an increase in activity ϳ100 msec after FP disappearance on both pro-gap and anti-gap trials. Significant differences (t test, p Ͻ 0.05) between gap and overlap pro-saccade trials were obtained for 58% (46 of 80) of the neurons (Fig. 5B) and for the population (Wilcoxon signed rank test, p Ͻ 0.0001). Increases in discharge during the gap period compared with the overlap task on anti-saccade trials were found in 77% (61 of 79) of the neurons (Fig. 5C ). These differences were significant (t test, p Ͻ 0.05) in 44% (35 of 79) of the neurons and for the population (Wilcoxon signed rank test, p Ͻ 0.0001).
The level of neuronal activity at the end of the gap period was significantly different between pro-saccade trials and correct antisaccade trials (Table 1, Fig. 5A,D) . A significantly higher level of prestimulus activity on pro-saccade trials was observed in 30% (24 of 79) of the neurons. However, five neurons FEF neurons were significantly more active at the end of the gap period for anti-saccades than for pro-saccades.
Relationship between SRT and neuronal activity
Neurons that modulate their discharges during the gap period could account for the reduction of SRTs in the gap task as observed previously in the SC (Dorris et al., 1997; Dorris and Munoz, 1998; Everling et al., 1999) . To test this hypothesis for FEF neurons, we computed the trial-by-trial correlation coefficient (Pearson's product-moment correlation coefficient r) between the level of prestimulus activity in 10 msec bins beginning from 200 msec before to 100 msec after stimulation presentation with SRT in the gap condition for pro-saccade and anti-saccade trials. For this analysis, we selected neurons that had significant differences in prestimulus activity between the gap condition and the overlap condition on pro-saccade trials and for which we obtained at least 10 trials in each condition. For pro-saccades and anti-saccades, the correlation coefficients between SRT and the level of neuronal activity contralateral to the subsequent saccade became more negative the closer the correlation window moved to the onset of visual responses (Ͼ70 msec) (Fig. 6 A) . The distribution of correlation coefficients between prestimulus activity in the interval 40 -50 msec after stimulus appearance and SRT is shown in Figure 6 , B and C, respectively, for pro-saccades and anti-saccades. For pro-saccades, the mean correlation coefficient was Ϫ0.18 for saccades into the response field of the neuron (one sided t test against 0, p ϭ 0.0003) and Ϫ0.03 for saccades opposite to the response field of the neuron (one-sided t test against 0, p ϭ 0.33). For anti-saccades, the mean correlation coefficient was Ϫ0.20 for saccades into the response field of the neuron (one sided t test against 0, p Ͻ 0.0001) and Ϫ0.07 for saccades opposite to the response field of the neuron (one sided t test against 0, p ϭ 0.12). This finding is consistent with the hypothesis that the prestimulus activity of F EF neurons reflects the monkey's preparatory state. The higher the level of prestimulus activity of a neuron is immediately before the arrival of the visual signal in the frontal eye field, the faster a saccade into the response field of the neuron will be initiated. Thus, the variability of SRTs is partly related to the variability of low-frequency prestimulus activity in FEF saccade-related neurons.
Neuronal activity and express saccades
We have shown that FEF saccade-related neurons increase their discharge during the gap period and that the level of pre-saccade neuronal activity correlated with SRT for contraversive saccades. A class of saccades with very short-latency SRTs that are favored by the gap condition, express saccades (Fischer and Boch, 1983) , are thought to be generated by a direct route from the visual cortex via the intermediate layers of the SC to the saccade generator in the brainstem (Fischer, 1987; Schiller et al., 1987; Edelman and Keller 1996; Dorris et al., 1997 ). This hypothesis is based on the short latency of express saccades that approach the minimal afferent and efferent conduction times of this pathway (Carpenter, 1981) and on the experimental finding that lesions of the SC in monkey abolish express saccades, whereas lesions of the FEF in monkeys do not have long-term effects on the proportion of express saccades (Schiller et al., 1987) .
To investigate the role of the FEF in express saccade generation, we separated pro-saccade trials in the gap condition into express saccade (SRTs, 80 -125 msec) and regular saccade trials (SRTs, Ն125 msec). Figure 7A illustrates the discharge of an FEF neuron during both express and regular saccade trials. The neuron had a higher discharge rate at the end of the gap period on express saccade trials than on regular saccade trials. It then discharged a saccade-related burst of action potentials for both express saccades and regular saccades. A higher prestimulus activity on express saccade trials was found for the population of FEF neurons ( Fig. 7B,C ; paired Student's t test, df ϭ 15; t ϭ 2.88; p ϭ 0.01). These findings demonstrate that a high level of activity in the FEF before stimulus presentation is associated with the generation of saccades with latencies in the range of express saccades. Hanes and Schall (1996) have demonstrated that, in an oculomotor countermanding paradigm, saccades are elicited when the activity of saccade-related FEF neurons reaches a certain level of neuronal activity. This threshold trigger level remained constant for all saccadic latencies. Based on this finding, Hanes and Schall (1996) proposed a fixed saccade threshold for individual FEF neurons. To test this hypothesis for express saccades, we compared the pre-saccadic neuronal activity between express saccades and regular saccades. For this analysis, we determined the mean level of neuronal activity in the interval 20 -10 msec before saccade initiation (Fig. 8 A, hatched bar) . This interval encompassed the activity that can influence saccade initiation . Figure 8 B shows that the population of saccade-related neurons had a similar pre-saccade activity for express and regular saccades (paired Student's t test, df ϭ 15; t ϭ 1.832; p ϭ 0.087).
To address the question whether the motor discharge of FEF neurons is different for express and regular saccades, we also compared the saccade-related activity of both saccade types (Fig.  8 A, shaded area) . Figure 8C shows that FEF neurons had the same motor discharge for both express and regular saccades (paired Student's t test, df ϭ 15; t ϭ 0.31; p ϭ 0.76). These results demonstrate that in intact primates the FEF is active before and during express saccades. 
Anti-saccade errors
Humans and monkeys sometimes fail to suppress a reflexive saccade toward the stimulus in the gap condition when instructed to generate an anti-saccade (Everling et al., 1998a; Fischer and Weber, 1992; . These errors are especially high in young children and certain neurological or psychiatric disorders that involve in the frontal cortex and/or basal ganglia (for review, see Everling and Fischer, 1998) . To determine whether neural processes in the F EF could account for performance in the anti-saccade task, we measured the activity level of neurons at the end of the gap period in the gap antisaccade task and compared between correct trials and error trials. For this analysis, we measured the level of neuronal activity in the period 40 -50 msec after stimulus presentation in those neurons with a least five correct and five incorrect gap anti-saccade trials (35 neurons for stimulus presentations into the response field and 17 neurons for stimulus presentations at the mirror position). Figure 9A shows the activity of an identified corticotectal neuron for gap anti-saccade trials in which the stimulus was presented in the response field of a neuron. The neuron increased its discharge during the gap period on correct trials and error trials, however, the activity was significantly higher on error trials (t test, p Ͻ 0.05). We could confirm this observation for the population of FEF neurons (Fig. 9B,C ; t test, p ϭ 0.0002). The neuron then displayed an increase in discharge that was higher for error trials. The same observation was made for the population of FEF neurons (Fig. 9B,C) . The magnitude of this discharge on error trials was lower when the activity was aligned on saccade onset (data not shown). This finding indicates that this activity is primarily stimulus-related. No differences in the level of prestimulus activity were found between correct and error trials when the stimulus was presented at the mirror position of the response field of the neuron ( Fig. 9D,E ; Wilcoxon signed rank test, p ϭ 0.31). Thus, a high level of prestimulus activity of FEF neurons at the location where the visual stimulus was represented was associated with the generation of a reflexive saccade toward the stimulus (error) in the anti-saccade task.
Stimulus-related neuronal activity
Visuomovement neurons in the FEF increase their discharge after the presentation of a visual stimulus in their response field (Bruce and Goldberg, 1985; Thompson et al., 1996) . The magnitude of this visual response is greater in a saccade task in which the stimulus is the target for a saccade compared with a fixation task in which the animal must maintain fixation (Wurtz and Mohler, 1976; Goldberg and Bushnell, 1981; Thompson et al., 1997) . No enhancement of the stimulus-related activity was found when a saccade was made away from the response field of a neuron (Goldberg and Bushnell, 1981) . In the anti-saccade task, the stimulus acts as both a distractor that can trigger an incorrect pro-saccade and as a landmark for the anti-saccade. To determine the effect of these task demands on the stimulus-related activity of visuomovement neurons, we compared the magnitude of the stimulus-related response between pro-saccade trials and antisaccade trials. All visuomovement neurons exhibited a stimulusrelated response only when the stimulus was presented in their response field, independent of the direction of the subsequent saccade (Fig. 3A,C) . Figure 10 A shows the activity for the pop- ulation of saccade-related neurons with visual responses. Many neurons (19 of 32, or 60%) had already a lower prestimulus activity on anti-saccade trials compared with pro-saccade trials (Table 1, Fig. 10 B) . This difference was significant for the population of F EF neurons. Therefore, we subtracted the prestimulus activity from the stimulus-related activity for the analysis of the magnitude of the stimulus-related response. Despite the identical properties of the stimulus, the majority of visuomovement neurons (28 of 32, or 87%) had reduced visual responses on antisaccade trials (Table 1, Fig. 10 A,C) . These differences were significant in 52% (20 of 32) of the neurons and for the population. Thus, the reduced visual response of FEF neurons on anti-saccade trials is the result of both a reduced level of prestimulus activity and a reduced stimulus-related activity.
Saccade-related neuronal activity
Saccade-related neurons in the FEF increased their discharge for both pro-saccades and anti-saccades (Fig. 3) . A comparison of the levels of pre-saccade activity before saccade initiation (Table 1 , Fig. 11 A, B) shows that FEF neurons had a lower pre-saccade activity before anti-saccades compared with pro-saccades. This finding indicates that, among individual neurons, there may be different saccade thresholds for pro-and anti-saccades.
To determine the role of FEF neurons in anti-saccade generation, we compared the magnitude of the saccade-related activity of the sample of neurons for pro-saccades and anti-saccades (Fig.  11 A,C) . The population of saccade neurons in the FEF had a lower saccade-related activity for anti-saccades compared with pro-saccades (Table 1) . However, a subset of neurons (11 of 46, or 24%), exhibited slightly higher discharges for anti-saccades than for pro-saccades.
DISCUSSION
This study is the first to provide evidence that the direct descending pathway from the FEF to the SC carries set-related activity for saccades. Many saccade-related FEF neurons increased their activity significantly during the gap period, they had higher levels of prestimulus neuronal activity before express saccades compared with regular saccades, they had higher levels of prestimulus neuronal activity on anti-saccade trials when monkeys made errors, and they had significantly lower discharges during the instruction period, the gap period, and reduced visual responses on anti-saccade trials compared with pro-saccade trials. These correlations between neuronal activity and behavior are similar but weaker to those observed previously in SC neurons (Dorris et al., 1997; Everling et al., 1998a Everling et al., , 1999 . The similar discharge pattern of SC and FEF neurons suggests that the preparatory set-related activity in SC neurons on pro-saccade and anti-saccade trials is mediated, at least in part, by direct descending projections from the FEF to the SC (Segraves and Goldberg, 1987) .
Prestimulus activity and SRTs
The results described here demonstrate that the level of FEF neuronal activity immediately before stimulus presentation influences the reaction time of contralateral saccadic eye movements. The higher the activity, the shorter the subsequent SRT. Negative correlations between the level of prestimulus activity of single neurons and reaction times have been found for saccades in the SC (Dorris et al., 1997; Dorris and Munoz, 1998; Everling et al., 1999) and for limb movements in the primary motor cortex (Lecas et al., 1986; Riehle and Requin, 1993) . Event-related potentials in humans have also shown differences in the prestimulus activation between fast and slow responses (Gratton et al., 1988; Everling et al., 1998b) . In an oculomotor countermanding task, Hanes and Schall (1996) did not find significant differences in the level of prestimulus activity between saccades with short and long SRTs in FEF neurons. Instead, these authors reported that the stochastic growth rate of the activity of individual neurons toward a fixed threshold correlated with SRTs. It should however be noted that a byproduct of the countermanding task used by Hanes and Schall (1996) is that SRTs were always Ͼ200 msec. Although we have not explicitly investigated this hypothesis, our finding of similar levels of presaccadic activity between express and regular pro-saccades does support the fixed-threshold hypothesis for F EF neurons for short-latency (Ͻ200 msec) responses. It is quite likely that prestimulus activity plays an important role in dictating SRT for short-latency responses typical in the gap condition, whereas poststimulus activation is more important in determining SRT for the longer-latency responses obtained in an oculomotor countermanding task.
Role of the FEF in the generation of express saccades
Previous studies have demonstrated that monkeys can still generate express saccades after F EF lesions, whereas lesions of the SC abolish express saccades (Schiller et al., 1987) . This observation suggested that F EF activation is not required for express saccade generation. In fact, it has been proposed that in humans express saccade generation may be facilitated after F EF lesions (Guitton et al., 1985) . This hypothesis was supported by the finding that humans with lesions of the frontal cortex that included the F EF, showed an increased percentage of express saccades in a gap saccade task (Braun et al., 1992) . A later study, however, observed the opposite saccade behavior in humans with lesions restricted to the F EF (Rivaud et al., 1994) . The authors reported a bilateral increase in SRTs in the overlap task and a decreased number of express saccades in a gap saccade task in the patients with F EF lesions.
We observed that saccade-related neurons in the FEF had a higher prestimulus activity before express saccades compared to regular saccades (Fig. 7) . Moreover, we found that FEF neurons were active during both express-and regular-latency saccades (Figs. 7, 8) . How can the discrepancy between these findings and the finding of a clear lack of any effect of FEF lesions on the occurrence of express saccades (Schiller et al., 1987) be explained? We have suggested here that the similar discharge pattern of FEF and SC neurons on pro-and anti-saccade trials is partly the result of a descending projection from the FEF to SC (Segraves and Goldberg, 1987) . However, the ascending disynaptic connection between the SC and the FEF via the mediodorsal thalamus (Lynch et al., 1994) leaves open the possibility that the differential activity of FEF neurons before express and regular saccades may in fact be driven at least in part by the SC. By examining the activity of FEF neurons that were likely to receive inputs from the SC, Sommer and Wurtz (1998) recently suggested that the SC sends visual-related and saccade-related activity to the FEF. If this hypothesis is true, then it is possible that the saccade-related activity of FEF neurons for express saccades may reflect the saccade-related activity in the SC for express saccades (Edelman and Keller, 1996; Dorris et al., 1997) .
It has been hypothesized that in the case of an express saccade, the visual stimulus is capable of directly eliciting a saccade if saccade neurons in the SC have already a high prestimulus activity at the time of stimulus presentation (Sommer, 1994 ; Edelman and Keller, 1996; Dorris et al., 1997) . In this case, the visual burst of these neurons can pass a certain saccade threshold, and it becomes f unctionally transformed into a motor burst. Although FEF lesions have no long-term effect on express saccade generation, we hypothesize that the prestimulus activity in the FEF in intact monkeys participates in the generation of express saccades by increasing the excitation of SC neurons. The absence of longterm effects of FEF lesions on express saccade generation may result from post-lesion-induced neural plasticity that increases the excitability of SC neurons to compensate for the reduced cortical excitation. 
Preparatory set for anti-saccades
Primates are not constrained to react to sensory stimuli with reflexive movements, but rather they can acquire almost arbitrary stimulus-response associations (Wise et al., 1996a) . The prefrontal cortex is thought be essential for the formations of these arbitrary associations (Passingham, 1993; Wise et al., 1996b) . Several neurophysiological studies have shown that the activity of neurons in the frontal cortex reflects the formation of stimulusresponse associations Wise 1995a,b, 1996; Assad et al., 1998) . Lesions of the prefrontal cortex, however, do not only lead to difficulties in learning new associations, but also result in an inability to suppress inappropriate behavior (Fuster, 1991) . This becomes evident in the anti-saccade task in which patients with damage to the prefrontal cortex often fail to suppress a reflexive saccade toward the stimulus before generating the anti-saccade (Guitton et al., 1985; Pierrot-Deseilligny et al., 1991) .
The results of this study provide insights into how this executive control of the frontal cortex is expressed. The finding that saccade-related F EF neurons have lower discharges during fixation of the instruction cue on anti-saccade trials than on prosaccade trials seems to reflect a neuronal correlate for different preparatory sets necessary for the different task requirements. The finding of a decreased prestimulus activity in F EF neurons on anti-saccade trials seems to support the hypothesis that the correct performance of this task is dependent on a top-down control of the SC. Indeed, it has been shown that reflexive saccades (errors) in the anti-saccade task were preceded by a high prestimulus activity in a subset of SC saccade neurons and that they were associated with a vigorous burst of action potentials in response to stimulus presentation (Everling et al., 1998a) . Therefore, to avoid reflexive unwanted saccades in the anti-saccade task, the activity of saccade neurons in the SC must be reduced until the motor signal for the anti-saccade is generated, which can only occur after stimulus presentation. The present results suggest that the brain may accomplish this task at least in part by reducing the excitatory drive from saccade-related F EF neurons to the SC during anti-saccade trials. We have shown recently that not only saccade-related neurons in the SC have a lower discharge during the instruction period but that fixation neurons in the SC have a higher discharge on anti-saccade trials compared with pro-saccade trials (Everling et al., 1999) . It remains to be determined whether this increased activation of collicular fixation neurons is the result of a reduced inhibition from saccade-related neurons mediated by intracollicular inhibition (Munoz and Istvan, 1998) or whether fixation neurons receive an increased prestimulus excitation on anti-saccade trials from other neurons in the frontal cortex. One possible source may be SEF neurons that display an increased discharge on anti-saccade trials compared with pro-saccade trials (Schlag-Rey et al., 1997) .
Role of the FEF in the generation of anti-saccades
This study has also demonstrated that saccade-related FEF neurons provide a movement signal for the anti-saccade. However, in contrast to SEF neurons (Schlag-Rey et al., 1997) , the majority of FEF neurons had lower discharges for anti-saccades compared with pro-saccades. This finding is surprising. First, brain-imaging studies in humans have consistently demonstrated an increased activation of the F EF during anti-saccade tasks compared with pro-saccade tasks (O'Driscoll et al., 1995; Sweeney et al., 1996; Doricchi et al., 1997) . Our data indicate that the population of saccade-related F EF neurons has a higher activity for prosaccades than for anti-saccades during all task periods (instruction, stimulus, and saccade). One possible explanation for this discrepancy may be that the increased activation observed in imaging studies does not arise from an increased activation of saccade-related neurons, but from an increased activation of inhibitory interneurons within the FEF that suppress saccaderelated neurons. Second, the FEF is generally regarded as being involved in the generation of purposive voluntary saccades, whereas the SC is regarded as primarily involved in the generation of reflexive visually driven saccades (Guitton et al., 1985; Fischer, 1987; Schiller et al., 1987; Guitton, 1991; Dias et al., 1995; Forbes and Klein, 1996; Sommer and Tehovnik, 1997; Dias and Segraves, 1999) . Our data, however, demonstrate that saccaderelated neurons in the SC and in the FEF share many attributes, including a higher saccade-related motor burst for pro-saccades compared with anti-saccades.
Based on the finding that saccade-related SC neurons have a lower level of neuronal pre-saccade activity for anti-saccades compared with pro-saccades, we have recently suggested that the FEF or SEF may provide additional signals for anti-saccades that bypass the SC (Everling et al., 1999) . Although we have not attempted to identify corticopontine neurons in this study, it is known that half of the FEF neurons that project to the pons are movement neurons (Segraves, 1992) . Therefore, given the likelihood that several neurons in our sample projected to the pons, it is unlikely that visuomovement or movement neurons in the FEF can compensate for the reduced input from the SC to the brainstem saccade generator for anti-saccades. This negative finding may support an important role of the SEF in the initiation of anti-saccades (Schlag-Rey et al., 1997) .
Our study has demonstrated significant differences in the level of preparatory neuronal activity of FEF neurons between prosaccade and anti-saccade trials. Like in the SC, the task to suppress the prepotent response to look toward a flashed visual stimulus is accomplished in the FEF by a decrease of preparatory saccade-related activity. We hypothesize that an imbalance in favor of motor preparation over motor inhibition could lead to the high error rates in the anti-saccade task in various disorders with an underlying frontal lobe pathology (for review, see Everling and Fischer, 1998) .
